ABSTRACT
INTRODUCTION
Nonlinear optical (NLO) materials have drawn considerable attention to date for their wide applications, such as material processing, information communication, and photochemical synthesis [1] [2] [3] [4] [5] [6] [7] . Numbers of famous NLO crystals have been obtained, including β-BaB 2 O 4 (β-BBO) [8] , LiB 3 O 5 (LBO) [9] , CsB 3 O 5 (CBO) [10] , CsLiB 6 O 10 (CLBO) [11] , KBe 2 BO 3 F 2 (KBBF) [12] , Sr 2 Be 2 B 2 O 7 [13] , K 2 Al 2 B 2 O 7 (KAB) [14] , KTiOPO 4 (KTP) [15] , KH 2 PO 4 (KDP) [16] , AgGaQ 2 (Q = S, Se) [17, 18] , and ZnGeP 2 (ZGP) [19] , which can expand the spectral ranges of solid state lasers from deep-ultraviolet (DUV) to infrared (IR). In the UV and DUV range, borates play a dominant role for their various structural features [20] [21] [22] [23] [24] , wide transparency window, and large secondharmonic generation (SHG) response [25] [26] [27] [28] [29] [30] . For example, β-BBO exhibits large SHG response about 6× KDP and its UV cutoff edge is at about 189 nm; LBO and KBBF not only possess large SHG response about 3× and 1.2× KDP, but also show short UV cutoff edge at about 160 and 155 nm, respectively. The excellent properties of alkali and alkaline metal borates inspirit us to explore new NLO materials in borate systems.
In general, large SHG response is necessary for a potential NLO material. It is well known that SHG response can be enhanced by introducing anions with π-conjugated molecular orbitals (BO 3 2− , NO 3 3− , CO 3 2− , etc.) [26, [31] [32] [33] [34] [35] [36] [37] [38] [45, 46] . In addition, some previous work [29, [47] [48] [49] [50] [51] [52] reported that rare-earth (RE) cations (Sc 3+ , Y 3+ , La 3+ , Gd 3+ , etc.) with deformed REO n polyhedra are the important sources to enhance the SHG response. For and held at these temperatures for 10 h until the solution became transparent and clear. And then the crucibles were cooled down to 600°C at the rate of 1°C h −1 , and finally cooled to ambient temperature at a rate of 15°C h −1
. The colorless and transparent crystals of the title compounds were obtained. However, the yields of Compounds II and III were very low.
Single-crystal X-ray diffraction (XRD)
The crystal structures data of the title compounds were collected by single-crystal XRD on a Bruker SMART APEX II 4K CCD diffractometer using monochromatic Mo Kα radiation with λ = 0.71073 Å at 296(2) K and integrated with the SAINT program [53] . All calculations were performed with programs from the SHELXTL and Olex2 crystallographic program package [54] [55] [56] . These structures were checked for possible higher symmetry using the ADDSYM algorithm from the program PLA-TON [57] . Table 1 
UV-Vis-NIR diffuse reflectance spectrum
The UV-Vis-NIR diffuse-reflectance spectrum of Compound I was obtained on a Shimadzu SolidSpec-3700DUV spectrophotometer at room temperature. Data were collected in the wavelength range from 190 to 2,600 nm.
NLO measurements
The NLO measurements were performed on the powder samples of Compound I by the Kurtz-Perry method [58] . The polycrystalline samples were pressed into a 0. 
Numerical calculation details
Electronic structure calculations were given to further understand and interpret the electrical and optical properties of the title compounds. In all these calculations, the CASTEP module based on the total plane-wave pseudopotential method of Materials Studio package has been employed [59] [60] [61] . The total energy was calculated with DFT using Perdew-Burke-Ernzerhof (PBE) with generalized gradient approximation (GGA) function [62, 63] . Under the norm-conserving pseudopotential (NCP), the following orbital electrons were treated as valence electrons: K: 3s . The numbers of plane waves included in the basis sets were determined by a cutoff energy of 880.0 eV, and the Monkhorst-Pack scheme k-points grid sampling was set at 3 × 3 × 3 for the Brillouin zone for Compounds I and II. The other parameters and convergent criteria were the default values of CASTEP code.
The SHG conversion efficiency of an NLO crystal is significantly determined by the magnitudes of the SHG coefficients when realizing the phase matching. And the SHG coefficient components are relevant to the secondorder nonlinear susceptibilities, d = χ/2. By using the band structure results from the CASTEP package [61, 64] , the second-order nonlinear susceptibilities at the limit of zero frequency, χ αβγ (2) (0), can be expressed as the sum of the contribution of the virtual-electron (VE) processes and the virtual-hole (VH) processes [65, 66] : Here, α, β and γ are the Cartesian components, and v/v', c/c' denote valence bands (VBs) and conduction bands (CBs). And P(αβγ), ℏω ij and P α ij refer to full permutation, the band energy difference and the momentum matrix elements, respectively. (Tables S1,  S2 ). In the structures of Compounds I and II, all kinds of B atoms connect with three or four O atoms to form BO 3 triangles or BO 4 tetrahedra, and they link together to form the B 5 O 10 groups via sharing vertex O atoms (Fig. 1a) . And all of the B 5 O 10 groups are arranged in an isolated configuration without connecting with other B or B-containing units (Fig. 1b) . The La and Bi atoms are bonded to six O atoms to form LaO 6 or BiO 6 octahedra. Then the B 5 O 10 groups share four vertical O atoms with neighboring LaO 6 or BiO 6 octahedra to form a threedimension (3D) framework. The K + and Ca 2+ cations are located in the cavities to keep charge balance (Fig. 1c) . For Compounds I and II, the K atoms connect with six or eight O atoms to form KO 6 or KO 8 (Table S3 ). In the structure, similar to Compounds I and II, Compound III exhibits a complex 3D structure. All of the fifteen B atoms form twelve BO 3 triangles and three BO 4 tetrahedra, and each BO 4 tetrahedra connect with four BO 3 triangles to form three types of B 5 O 10 groups (Fig. 2a) . Furthermore, each B 5 O 10 group connects with four distorted BiO 6 octahedra via its vertex O atoms (Fig. 2b) , and the alternate connection between them gives rise to a 3D framework. And all of K + and K + /Ba 2+ cations locate in the cavities to keep charge balance (Fig. 2c) . For Compound III, the K atoms bond to six or eight O atoms to form KO 6 (Table S9) , which can be attributed to the introduction of K/Ba atoms. Consequently, the difference in size for the alkaline-earth metal cations is the major factor, which leads to the different framework structures of the title compounds.
RESULTS AND DISCUSSION

Thermal analysis
The TG and DSC curves and XRD patterns of Compound I are shown in Fig. 4 . The DSC curves indicate that there is only one endothermic peak at 725°C on the heating curve. And no obvious weight loss is observed from 30 to 1,000°C according to the TG curve. To further verify the thermal characteristics, polycrystalline powders were put into a platinum crucible and heated to 800°C, and then slowly cooled to room temperature. The PXRD pattern of Compound I after melting is different from that of Compound I before-melting (Fig. 4b) . The results suggest that Compound I melts incongruently. For the incongruent melting compounds, large single crystals should be grown from the high temperature solution by using the flux method.
Optical properties
IR and UV-Vis-NIR diffuse reflectance spectra
To confirm the coordination surroundings of Compound I, IR spectrum was carried out and the results are shown in Fig. S4 . According to the previous literatures [47, 48, [68] [69] [70] , the characteristic peaks of Compound I can be described as follows: the peaks at 1,338, 1,262, and 1,194 cm −1 are mainly due to the asymmetric stretching of the BO 3 units, and the peak at 1,020 cm −1 is attributed to the BO 4 asymmetric stretching vibration. The peak at 931 cm
can be assigned to the symmetric stretching of BO 3 . The peaks at 766 and 724 cm −1 can be assigned to the symmetric stretching of BO 4 while the peak located at 609 cm −1 likely comes from the bending vibrations of BO 3 and BO 4 groups. IR spectrum confirms the existence of BO 3 and BO 4 units in Compound I. The UV-Vis-NIR diffuse reflectance spectrum reveals that Compound I has a short UV cutoff edge at about 282 nm and owns a moderate optical band gap of 3.8 eV, which indicates that Compound I has a wide transparency range from UV to NIR range (Fig. 5) .
NLO measurements
Based on the noncentrosymmetric crystal structure of Compound I, it should possess NLO properties. The curves of SHG intensities as a function of particle size are shown in Fig. 6 . The SHG intensities increase with the increasing particle sizes before they become constant, which is consistent with phase-matching behavior. When the particle size is about 150-200 μm, Compound I exhibits an SHG efficiency of about 0.6 times that of KDP. According to the anionic group theory [71] of NLO activity in borates, the B-O groups can make a large contribution. Especially, the BO 3 trigonal planes make more contribution to the SHG effects than the BO 4 tetrahedra. In addition, the BiO 6 octahedra, as NLO-active units, also have nonnegligible contributions according to previous studies [39, 41, 42] . Consequently, the magnitudes of di- (Fig. 3c) , and this arrangement may have a negative impact on the SHG response. Besides, the BiO 6 octahedra also have large dipole moments (4.432 Debye), while the CaO 6 octahedra show small values. According to previous reports [73] , the distortion directions of BiO 6 octahedra belong to the C 3 type (face) with the distortion value 0.281, and the CaO 6 octahedra are regular without distortion (Table S9) . The above calculated results indicate that the distorted BiO 6 octahedra make some contribution to the SHG response, and the CaO 6 octahedra contribute little.
Theoretical analysis
To better understand the origins of the optical properties, the band structure, density of states and the SHG-density were calculated and the results are shown in Figs 7-9, respectively. For Compound I, the top of VBs is located at point Z and the bottom of CBs is at point G, which indicates that it has an indirect-band-gap characteristic and the value of the band gap is 3.54 eV (Fig. 7a) , which is smaller than the experimental value (3.8 eV). For Compound II, the top of VBs and the bottom of CBs are at the same point G, indicating that it is a direct-band-gap characteristic and the value of the band gap is 3.95 eV (Fig. 7b) . The total and partial densities of states (TDOS and PDOS) of Compounds I and II are shown in Fig. 8a and b. For Compounds I and II, the VBs can be divided into ARTICLES . . . . . . . . . . . . . . . . . . . . . Fig. 9 shows the SHG density of the VE transition process. It clearly shows that the O atoms play an important role in the occupied states. Besides, the Bi atoms also make some contribution to SHG in the occupied states. And the Bi, B, and O atoms make a major contribution to the unoccupied states. In addition, the B atoms, which make the major contribution to the SHG response, are all connected with three O atoms to form the BO 3 groups, which is consistent with anionic group theory. The analysis results show that the π-conjugated BO 3 groups and distortion BiO 6 octahedra are important NLO-active units to enhance the SHG response. 
CONCLUSIONS
